ABSTRACT: In the present work, we use random-dot stereograms to test a possible relationship between associated phoria and stereopsis. We determined, using a modified constant-stimulus method, the disparity range that indicates the maximum range at which stereoscopic correspondence can be achieved. A total of 27 observers took part in the experiment. The value of the disparity range as a function of the associated phoria (measured with a Mallet unit) seems to indicate that greater associated phoria (fixation disparity) correlates with a deterioration in stereoscopic vision, reducing the disparity range and therefore the space region in which stereoscopic vision can be attained. (Optom Vis Sci 2000;77:47-50) Key Words: stereopsis, random-dot stereograms, associated phoria, fixation disparity T he role of different aspects of associated phoria and fixation disparity in binocular vision has been the topic of many studies during recent years. [1] [2] [3] [4] [5] [6] [7] The objective of these studies has been diverse, including: clinical approaches 1-3 (binocular problems, evolution with age, etc.), which attempt to relate these different aspects of associated phoria and fixation disparity with certain symptoms; performance-oriented approaches of the binocular system in a particular psychophysical task 4 -5 (binocular acuity, near-vision tasks); and even methodological approaches, which quantify the fixation disparity according to the measurement method. 6 -7 Fixation disparity and the associated phoria provide information on the binocular system and are clearly related. On the one hand, fixation disparity indicates the misalignment of the principal visual directions, whereas associated phoria is the prism value that compensates for fixation disparity. These parameters provide information concerning the binocular system under conditions in which the fusion reflex is activated and therefore could influence some other aspects of the binocular system, such as stereopsis. In this sense, Fry and Kent 8 speculated that fixation disparity could have a certain influence in stereopsis by reducing stereo-thresholds.
T he role of different aspects of associated phoria and fixation disparity in binocular vision has been the topic of many studies during recent years. [1] [2] [3] [4] [5] [6] [7] The objective of these studies has been diverse, including: clinical approaches [1] [2] [3] (binocular problems, evolution with age, etc.), which attempt to relate these different aspects of associated phoria and fixation disparity with certain symptoms; performance-oriented approaches of the binocular system in a particular psychophysical task 4 -5 (binocular acuity, near-vision tasks); and even methodological approaches, which quantify the fixation disparity according to the measurement method. 6 -7 Fixation disparity and the associated phoria provide information on the binocular system and are clearly related. On the one hand, fixation disparity indicates the misalignment of the principal visual directions, whereas associated phoria is the prism value that compensates for fixation disparity. These parameters provide information concerning the binocular system under conditions in which the fusion reflex is activated and therefore could influence some other aspects of the binocular system, such as stereopsis. In this sense, Fry and Kent 8 speculated that fixation disparity could have a certain influence in stereopsis by reducing stereo-thresholds.
As is well known, stereopsis is the capacity of the visual system to obtain three-dimensional information by the processing of disparity. The paramount importance of three-dimensional spatial information derived from stereopsis has given rise to numerous studies on this phenomenon. In the present work, we attempt to correlate the associated phoria, an important quantity for evaluating the binocular aspects of an observer, with the phenomenon of stereopsis, which is responsible (together with the monocular cues), for providing the three-dimensional information obtained by an observer.
For each observer, we evaluated stereopsis by the visual parameter known as the disparity range 9 -12 using random-dot stereograms (RDS) and comparing the results with the value of the associated phoria of each observer. We used the RDS because, in this type of test, [13] [14] [15] disparity is the only information presented for the observer to obtain three-dimensional spatial information. Thus, when the two images forming the stereogram are presented, the observer receives no monocular information that would indicate the shape of the object and that could thereby "mask" the processing of the disparity from which stereoscopic information is derived. 9 -15 The disparity range has been used to examine the influence of different experimental parameters and conditions in stereopsis 9 -12 and, together with stereoacuity, this range is one of the parameters that provides information on spatial limits 14 -16 of stereoscopic vision. Essentially, with this parameter (see Methods), it is possible to measure the maximum displacement possible within the central square that generates stereopsis in the RDS; as the displacement increases, so does the sensation of depth. Using this parameter, different studies 9 -11 have examined questions related to stereopsis: for example, by varying the size of the RDS dot and analyzing the variations in the disparity range, Marr 9 obtained information about stereoscopic correspondence at different spatial frequencies.
In addition, this parameter has been studied to clarify further the relationship between color and stereopsis. 10 -12 The general conclusion of these works is that a greater disparity range indicates more efficient stereoscopic perception, because the stereoscopic correspondence involves a larger corresponding area of the retina and thus a greater region of the physical space perceived stereoscopically.
METHODS

RDS and Disparity Range
The stereo images of the RDS were generated with 50% density and presented on a PC connected to an NEC MultiSync monitor. A stereoscope device 10, 11, 14, 15 with front surface mirrors was attached to the front of the display monitor. This device enabled the left-and right-hand images of the stereo-pair (located approximately 40 cm away) to be projected to the left and the right eye, respectively, resulting in a central stereo image. Head position was stabilized with a chin rest. The block or dot size used in the RDS patterns subtended 2 min arc from the observation point. The squares for the right and left eyes that generated the RDS subtended 4°on each side with 1°separation between the right and left squares. The small central square that was to be perceived stereoscopically subtended 80 min arc on each side. Disparity increments were generated by displacement in the small central square of both images and had a minimum value of 4 min arc.
As indicated above, the parameter used to evaluate stereoscopic depth perception was the horizontal disparity range. The term "disparity range" is used to signify the maximum horizontal displacement (disparity) possible in the small central square in the RDS that still allows depth perception.
9 -12 As we indicated above, larger disparity ranges under certain experimental conditions seem to indicate more efficiency in the processing of disparity information by bringing about stereoscopic correspondence over a greater area. 9 -12 The disparity range for each observer was determined using the constant-stimulus method. 10, 12, 14 There are two possible spatial configurations for the stereogram: in front (or crossed disparity), where the central square appears closer to the observer and behind (or uncrossed disparity) where the central square appears farther from the observer. When a spatial configuration is set, the observer is presented with stimuli having random disparity ranging from 0 min arc to the next disparity value beyond the maximum disparity range. The maximum disparity range, which is a preliminary determination made before the constant-stimulus method is applied, was established as follows. The RDS was presented initially with a value of 0 min arc and the disparity was successively increased in 4-min-arc steps until the observer no longer perceived the square stereoscopically; the observer indicated this by pressing a button. This operation was repeated three times, taking the most repeated value as the final value of the maximum disparity range. The maximum disparity range was determined for the crossed and uncrossed situations.
In each session, after the selection of a configuration (in front or behind), the observer's task was to press a button when the square was not stereoscopically perceived, and this information was stored in the program. A target with the disparity value of zero (no depth perception) was also presented to confirm the validity of the method with regard to false-alarm-rate analyses, although the observer's response was correct in practically 100% of the cases. 10 The observer was presented with the disparities in a random order to avoid effects of memory, a confounding element that often arises in methods designed to determine stereopsis thresholds 9 -10 in which disparity is successively increased (although these methods offer the advantage of being less time consuming).
Each disparity was presented a total of 30 times and was characterized by a weight factor equal to the number of times (number of yes responses) that stereoscopic depth perception was recorded. 10, 14 The stimulus presentation time was 0.5 s, and the time between presentations was 1.25 s. The duration of the RDS presentation was sufficient to initiate the vergence movements. The selection of a shorter time would avoid these vergence movements, but it would not match real and practical observational situations, where these types of movements continually occur.
A data-collecting session began with 3 min of prior adaptation to the dark screen background. Under dark adaptation, the computer monitor frame was not visible. After adaptation, the stimuli generated with different disparities were presented randomly, discarding the first stimulus presentation of the session. The number of initial presentations not considered was a random quantity between 3 and 7 per session, thus ensuring the observer's concentration. Between presentations, one of the stimuli generating the stereogram was used to fill in the RDS area completely to aid fusion. 10, 11 The observers were instructed to fixate the complete RDS.
For each observer, we estimated the disparity mean from the distribution of weights associated with the disparities corresponding to each spatial configuration (crossed and uncrossed). Because there are two spatial configurations (in front and behind), the disparity range was the average of the two means. Two disparity ranges were not considered significantly different when the corresponding means for the two spatial configurations did not differ significantly. Significant difference analysis was carried out from analysis of variance and a multiple comparison test 17 (the Bonferroni method).
Associated Phoria
For the associated phoria, we used a near-vision Mallet unit, following a common procedure for this type of measurement. 2 First, wearing the Polaroid visor, the subject was asked to hold the near-vision Mallet unit at 40 cm (to ensure the same vergence demand as in the experiments on stereopsis), and to read a few words from the paragraphs of print on the Mallet unit, to stabilize accommodation. The subject was then asked to concentrate on the letter 'X' of the OXO and to indicate the position of the green monocular markers. The apparent misalignment of the markers was corrected using prisms in discrete increments of 1 ⌬. The observer performed this operation a high number of times; for all the observers, the most repeated value was taken as the associated phoria. The tests on stereopsis and associated phoria were developed during the same time periods to avoid possible influence from variations in experimental conditions when the measurements of associated phoria and stereopsis were taken far apart in time.
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Observers
A total of 27 observers, ranging from 20 to 43 years old (including emmetropic and corrected ametropic observers) with normal stereoscopic-acuity (stereo-fly tests) took part in the experiments. This number of observers far exceeds the number that usually participate in experiments designed to determine the disparity range using RDS, 8 -10 but equals the number that usually participate in experiments to determine associated phoria and fixation disparity. [3] [4] Only one observer manipulated the experimental devices, to avoid possible interaction of the observers with the entire experimental measurement process.
RESULTS
The associated phoria determined in the present work for the 27 observers gave the following results (Table 1) : 10 had an associated phoria of 0 ⌬, six had an associated phoria equal to 1 ⌬, four equal to 2 ⌬, four equal to 3 ⌬, and three equal to 4 ⌬. The average disparity range for each of the different groups is shown in Table 1 . The distribution of the associated phoria in our sample is compatible with that given in other studies on associated phoria and fixation disparity. The percentage of subjects with a given fixation disparity decreases as the fixation disparity increases; 2, 4 associated phorias 2, 4 are only occasionally Ͼ4 ⌬. In any event, the minimum number of observers in a group is 3, which is equal to or greater than the number in other experiments on stereopsis. 10, 11, 16 The first striking result is that, according to the analysis of variance, 17 the disparity ranges differed statistically, supporting the idea that there is a possible relationship between associated phoria and stereopsis. Because we were more interested in ascertaining whether the different groups (classified according to their associated phoria) differed according to the disparity range, we performed a multiple-comparison test 17 (following the Bonferroni method of ␣ ϭ 0.05), and we found significant differences between the different groups (p Ͻ 0.01), thereby confirming that the different associated phorias showed different disparity range values.
The numerical values of the disparity ranges for the different groups decreased as the associated phoria increased. This decrease proved continual and we found a close correlation, given that the decrease remained constant when the associated phoria, as clearly shown in Fig. 1 (dashed line) .
These results show that as associated phoria increases, the disparity range over which stereopsis operates deteriorates. The disparity range diminishes and therefore the zone of the retina where stereoscopic correspondence takes place becomes more reduced, as does the region of the physical space where stereoscopic perception can occur. Fig. 1 shows (solid line) the average values of crossed and uncrossed (absolute value) for each group. The figure reflects that the average values of crossed disparity range are slightly greater than those of the uncrossed disparity range. The difference between the crossed and uncrossed disparity ranges is 5.2 min arc for the group of nil disparity, diminishing as the associated phoria value increases to 3.1 min arc for the value of 4 ⌬ of associated phoria. This decrease between the differences of the two average values (crossed and uncrossed) is reasonable because, as we have seen, the disparity range (retinal zone where stereocorrespondence is established) reduces as the associated phoria increases. This asymmetry between the crossed and uncrossed disparity values is normal in experiments using RDS's. 9 -10 In any case, the decreasing trend of the solid lines, for both types of disparity confirms the deterioration of stereopsis as associated phoria increases.
DISCUSSION
Our result on the relationship between the disparity range and associated phoria can, we believe, be extended to fixation disparity. As is well known, and indicated above, the concepts (though not exactly the same) are intimately related 2, 3 and a greater fixation disparity corresponds to a higher value of the prism (associated phoria) that cancels the fixation disparity and vice versa. Jenkins et al. 2 , provide an analytic expression that relates the two parameters with a high correlation coefficient (r ϭ 0.90) for near vision [y ϭ 1.23x Ϫ 0.09, y being the fixation disparity in minutes of arc and x is the associated phoria in prismatic diopters]. In any case, from this expression, we deduce, as might be expected, that the fixation disparity is a function that increases with the associated phoria; thus, determining the associated phoria, we can ascertain the qualitative evolution of any parameter (in our case, stereopsis) with fixation disparity. Therefore, we might expect that stereopsis gradually deteriorates with fixation disparity. It would be informative to carry out a detailed study on the influence of the eso-(endo-) or exo-character of associated phoria. Because of the distribution of the groups according to the associated phoria, this aspect can be studied with the fixation-disparity group 1 ⌬, as the other groups do not contain a high number of observers. Thus, in the group of 1 ⌬, there were 4 exo-and 2 esoobservers, the average disparity ranges being 20.19 and 20.01 min arc, respectively. This trend is also confirmed in the rest of the groups having four subjects. In principle, the eso-and exo-character did not bring about differences within the groups having equal associated phoria; therefore, only the absolute value influenced stereopsis, although, as indicated above, this result is limited by the fact that the groups with associated phoria with more than 1 ⌬ did not contain many observers. An exhaustive analysis of the influence of the eso-exo character of fixation disparity would require a higher number of observers in these groups.
In conclusion, the reduction in disparity range with respect to high values of associated phoria-fixation disparity implies that at distances of around 1 m or less, where disparity is very important for obtaining spatial information, the manipulation of objects, for example, could be less efficient because the disparity range is lower, and thus the physical region with stereoscopic vision is reduced. 9, 10, 13 That is, a certain deterioration in stereopsis might be expected for subjects registering high associated phoria and therefore fixation disparity values.
